Effective vaccination programs have dramatically reduced the number of measles-related deaths globally. Although all the available data suggest that measles eradication is biologically feasible, a structural and biochemical basis for the single serotype nature of measles virus (MV) remains to be provided. The hemagglutinin (H) protein, which binds to two discrete proteinaceous receptors, is the major neutralizing target. Monoclonal antibodies (MAbs) recognizing distinct epitopes on the H protein were characterized using recombinant MVs encoding the H gene from different MV genotypes. The effects of various mutations on neutralization by MAbs and virus fitness were also analyzed, identifying the location of five epitopes on the H protein structure. Our data in the present study demonstrated that the H protein of MV possesses at least two conserved effective neutralizing epitopes. One, which is a previously recognized epitope, is located near the receptor-binding site (RBS), and thus MAbs that recognize this epitope blocked the receptor binding of the H protein, whereas the other epitope is located at the position distant from the RBS. Thus, a MAb that recognizes this epitope did not inhibit the receptor binding of the H protein, rather interfered with the hemagglutinin-fusion (H-F) interaction. This epitope was suggested to play a key role for formation of a higher order of an H-F protein oligomeric structure. Our data also identified one nonconserved effective neutralizing epitope. The epitope has been masked by an N-linked sugar modification in some genotype MV strains. These data would contribute to our understanding of the antigenicity of MV and support the global elimination program of measles.
M easles virus (MV) used to be a major cause of death in children. The WHO estimated that ϳ4% of deaths in children under 5 years of age were caused by measles during the period from 2000 to 2003 (1) . However, effective vaccination programs have eliminated measles in the Western Hemisphere, and several other countries are approaching measles elimination (2) . In the last decade, the number of measles-related deaths was reduced by more than 90% in all WHO regions, except for Southeast Asia (2) . This year, the Measles and Rubella Initiative (http://www .measlesinitiative.org/) developed the Global Measles and Rubella Strategic Plan 2012-2020, which aims to reduce global measles mortality by at least 95% compared with 2000 by the end of 2015 and to achieve measles elimination in at least five WHO regions by the end of 2020. One of the factors favoring measles eradication is the monotypic nature of MV. All the available data suggest that measles eradication is biologically feasible (3, 4) . However, a biochemical, molecular, and virological basis for the monotypic nature of MV remains to be provided.
MV is an enveloped virus in the genus Morbillivirus of the family Paramyxoviridae and possesses two types of glycoprotein spikes, the hemagglutinin (H) and fusion (F) proteins, on the viral envelope. The H protein is responsible for binding to cellular receptors on the target host cells. The signaling lymphocyte activation molecule (SLAM) expressed on immune system cells and nectin4 expressed at adherens junctions in epithelia function as the principal receptors for MV (5) (6) (7) (8) . Binding of the H protein to a receptor triggers F protein-mediated membrane fusion between the virus envelope and the host cell plasma membrane. Although neutralizing Abs directed against each of the viral envelope glycoproteins are elicited, H protein-specific Abs mainly account for the protection against MV infection (9) (10) (11) . All measles vaccines consist of live attenuated MV strains isolated about a half a century ago. Currently, 24 genotypes are recognized for MV, and all vaccine strains belong to the same single genotype (genotype A) (12) . To date, measles vaccines have been effective, despite differences in the endemic genotypes present in different countries or regions. Consequently, based on these observations, there is no evidence to suggest that MV undergoes a major antigenic drift. Nevertheless, several studies have suggested that currently circulating MV strains show antigenic variations, which could potentially affect the efficacy of vaccination (4, (13) (14) (15) (16) (17) . Many amino acid residues have been documented to constitute a portion of an epitope. The data show that the H protein has several neutralizing epitopes (NEs), which may locate at the receptor-binding site (RBS) or a region interacting with the F protein. A list of amino acids or regions, which may constitute an epitope, and Abs, which recognize these epitopes, has been provided by Bouche et al. (10) . Recently, Hashiguchi et al. determined a crystal structure of the head domain of the H protein in complexes with the V domain of SLAM (18) . The head domain of the H protein is formed with six ␤-sheets arranged in a six-bladed propeller fold (19) . SLAM binds to a ␤-sheet using the side of the propeller fold structure (18) . The H protein head forms a homodimer, which is further assembled into a tetrameric structure by forming a dimer of dimers (18) . These data allowed us to conduct a fine characterization of epitopes on the H protein. In the present study, we identified the location of several neutralizing epitopes on the MV H protein structure, and characterized these epitopes, providing a molecular basis for the sustainability of the monotypic nature of MV.
MATERIALS AND METHODS
Cells. and B95a (21) cells were maintained in RPMI medium (Invitrogen) supplemented with 7.5% fetal calf serum (FCS). BHK/T7-9 cells constitutively expressing T7 RNA polymerase (22) were maintained in E-MEM (Invitrogen) supplemented with 10% tryptose phosphate broth and 5% FCS. Vero and Vero/hSLAM cells (Vero cells constitutively expressing human SLAM) (23) were maintained in DMEM (GIBCO) supplemented with 7.5% FCS.
MAbs. Mouse monoclonal antibodies (MAbs) (A2, A26, B5, B12, E39, E81, E103, E128, and E185) were raised against the H protein of the Toyoshima MV strain (genotype A), and some of them were reported previously (24) (25) (26) . Competitive binding enzyme-linked immunosorbent assays (ELISAs) were performed as reported previously (25) . Briefly, peroxidase-conjugated B5, B69, B12, A2, A26, or C149 MAb was mixed with various dilutions of an unlabeled MAb (B5, E81, E128, E185, E39, or E103) and then allowed to react with the MV antigen-coated wells for 2 h. The binding of the peroxidase-conjugated MAb to the MV antigens was detected as described previously (27) .
Plasmid construction. All full-length genome plasmids were derived from the p(ϩ)MV323 plasmid encoding the antigenic full-length cDNA of the IC-B strain (genotype D3) (28) . The p(ϩ)MV323-Luci plasmid, which has an additional transcriptional unit for the Renilla luciferase gene, was reported previously (24) . The full-length genome plasmids encoding the H gene of different genotype strains were generated by replacing the H gene region of p(ϩ)MV323-Luci with the corresponding cDNA for the Edmonston-tag [A] (29) (24) .
Viruses. IC323-EGFP, IC323-Luci, IC/EdH-EGFP, IC/EdH-Luci, MV323-EGFP-H-␤12(N481Y), MV323-EGFP-H8, -H9, -H10, and -H11 were reported previously (24, (30) (31) (32) . Other recombinant MVs were generated from the respective full-length genome plasmid as reported previously (33) .
Neutralizing assay. A suspension of recombinant MV (2,000 PFU per 75 l) was incubated with serially diluted MAbs for 30 min at 37°C (the first dilution of each MAb was 1:10, followed by 2-fold dilutions). After incubation with the MAb, the virus solution was inoculated into culture media of confluent monolayers of II-18 (nectin4 ϩ ) and B95a (SLAM ϩ ) cells. For recombinant viruses possessing the genotype A H gene (genotype A viruses; IC/EdH-Luci and IC/EdH-EGFP) and their mutants, CD46-dependent infection was blocked by a MAb against CD46 (clone M75) when the assay was performed with II-18 cells. At 2 days postinfection, the luciferase activity in the cells was measured using a Dual-Glo luciferase assay system (Promega). The neutralizing titer was indicated by the maximum dilution point, exhibiting Ͼ50% reduction of luciferase activity. The amount of Ig in each MAb solution (mouse ascites) was analyzed by an ELISA that detects the Fc region of Ig (TaKaRa). The neutralizing titers were normalized by the amount of Ig and are shown in the tables. When enhanced green fluorescent protein (EGFP)-expressing recombinant MVs were used for neutralizing assays, monolayers of II-18 and B95a cells in 24-well cluster plates were incubated with neutralized virus samples for 1 h at 37°C. After a 1-h incubation, 200 l of RPMI medium supplemented with 7.5% fetal bovine serum (FBS) and 100 g/ml fusion-blocking peptide (Z-D-Phe-Phe-Gly) (Peptide Institute Inc., Osaka, Japan) was added to each well to block a second round of infection by progeny viruses. At 48 h postinfection, the number of EGFPexpressing cells was counted under a fluorescence microscope. The cell number was expressed in cell infectious units (CIU). The number of CIU for each recombinant MV was also determined in the absence of the Ab and compared with that in the presence of the Ab. The number of CIU for each virus without the Ab was set to 100%.
Ab-selected escape mutants. Recombinant MVs (IC323-EGFP and IC/EdH-EGFP) were incubated with a MAb (B5, E81, or E103) (the Ig concentrations were 0.5 to 1.4 mg/ml) for 30 min at 37°C and then propagated in B95a or II-18 cells in the presence of the MAb. At 2 days postinfection, several syncytia expressing EGFP were independently picked up, suspended in a small volume (100 l) of culture medium, incubated with the respective MAb for 30 min at 37°C, and then cultured with fresh cells. This cycle was repeated twice, and the H gene nucleotide sequences of the selected mutants were determined as reported previously (33) .
Replication kinetics. II-18 cells on 6-well plates were infected with recombinant MVs at a multiplicity of infection (MOI) of 0.01 per cell. After various time intervals, cells were harvested with culture medium and determined for their CIU on Vero/SLAM cells (23) .
H and F protein coimmunoprecipitation. Monolayers of Vero cells on 6-well plates were transfected with 3 g of pCG-EdmHn3xFLAG (Edmonston H protein containing an N-terminal triple Flag tag) (34) and 3 g of pCG-EdmFc2xHA (Edmonston F protein containing a C-terminal double hemagglutinin [HA] tag) (35) in the presence of 100 M fusion inhibitory peptide. MV H and F protein coimmunoprecipitation was performed as described previously (36) . A mixture of CV1/CV4 MAbs (Millipore) served as a reference (1:1,000). MAbs B5, E81, E103, and E128 were used at a dilution of 1:2,000.
H and H-(473-477A) protein immunoprecipitation. Vero cells on 6-well plates were transfected with 6 g of pCG-EdmHn3xFLAG or pCG-EdmH473-477An3xFLAG (37) . At 36 h posttransfection, the cells were lysed in M2 lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, protease inhibitors [Roche], 1 mM phenylmethylsulfonyl fluoride [PMSF]), cleared by centrifugation for 30 min at 20,000 ϫ g and 4°C, and incubated with MV H protein ectodomain Abs (CV1/CV4 at 1:1,000 or E128 at 1:2,000). Immunoprecipitation, gel fractionation, and detection of Flag-tagged H protein antigenic material was performed as described previously (34) .
Pulse-labeling and immunoprecipitation of MV proteins. At 36 h postinfection, Vero/hSLAM cells infected with recombinant MVs were cultured in methionine-cysteine-deficient medium for 1 h, pulse-labeled with [ 35 S]methionine-cysteine using EasyTag EXPRE35S35S protein labeling mix (PerkinElmer), and then lysed in radioimmunoprecipitation assay (RIPA) buffer. Polypeptides in the cell lysate were immunoprecipitated with a rabbit polyclonal Ab raised against the Toyoshima MV strain and analyzed by SDS-PAGE as reported previously (38) . For endoglycosidase H (Endo-H) digestion, immunoprecipitated samples were eluted in 50 mM Tris-HCl (pH 7.4) containing 0.5% SDS by boiling for 4 min. The supernatants were then mixed with 0.1 M sodium citrate buffer (pH 5.3) containing Endo-H and incubated overnight at 37°C.
Surface plasmon resonance assay. Surface plasmon resonance assays were performed using a Biacore 3000 (GE Healthcare) as reported previously (19) . Briefly, the biotinylated H protein head domain was immobilized using a biotin capture kit (GE Healthcare) at 400 response units for binding experiments. A solution including each MAb was applied to the chip at a saturated state. Next, soluble human SLAM ectodomain comprising the N-terminal Ig V set domain tandemly connected to the corresponding Ig C2 set domain of mouse SLAM, which largely improves the protein stability, was placed on the chip at a flow rate of 10 ml/min at 25°C. Biotinylated bovine serum albumin (BSA) was used as a negative control. It was difficult to determine the proper regeneration conditions, because the immobilized MV H protein head domain was not as stable under typical regeneration conditions, such as acidic pH, basic pH, or other organic solutions. Therefore, we immobilized the same level of the H protein head domain for each binding experiment.
RESULTS
Antigenic sites I, II, and vi are effective neutralizing epitopes, and all except antigenic site II are conserved among different genotypes. In 1985, Sato et al. (25) reported various sets of MAbs against MV structural proteins. In the study, 11 MAbs recognizing the H protein were characterized in detail. Based on competitive ELISA data, three nonoverlapping or partially overlapping antigenic sites (I, II, and III) in the H protein were predicted (25) . In addition to these 11 MAbs, we analyzed a further five MAbs (E81, E128, E185, E39, and E103) directed against the H protein by competitive binding ELISAs (Table 1 ). E81 and E128 completely inhibited the binding of MAbs recognizing antigenic sites I and II, respectively ( Table 1) . On the other hand, neither E185, E39, nor E103 showed complete inhibition against the binding of MAbs recognizing antigenic sites I, II, and III. E39 and E185 only partially inhibited the binding of MAbs recognizing antigenic sites I and III, respectively ( Table 1 ). E103 showed no competitive inhibition against the binding of MAbs recognizing antigenic sites I, II, and III. Based on these data, we tentatively predicted antigenic sites iv, v, and vi, which were recognized by E185, E39, and E103, respectively ( Table 1 ). The newly tested MAbs (E81, E128, E185, E39, and E103) and B5 reported by Sato et al. (25) were then used for MV neutralizing assays. The antigenic site recognized by each MAb is shown in parentheses: B5(I), E81(I), E128(II), E185(iv), E39(v), and E103(vi). Eight distinct recombinant MVs were used as neutralization targets ( Table 2 ; see also Table S1 in the supplemental material). These recombinant MVs were based on the IC323 genomic background and encoded a Renilla luciferase reporter gene and an H gene derived from different MV genotypes (A, B3, D3, D4, D5, D8, D9, and H1) (see Table S1 ) (28, 39) . They were named on the basis of the genotype of the H gene: genotype A, B3, D3, D4, D5, D8, D9, and H1 viruses. MAbs B5(I), E81(I), E128(II), and E103(vi) showed high neutralizing titers in SLAM ϩ B95a and/or nectin4 ϩ II-18 cells (20, 21) . While B5(I), E81(I), and E103(vi) neutralized all of the MV genotypes tested, E128(II) was only effective against genotype A, B3, D8, and H1 viruses ( Table  2 ). The neutralizing titers of E185(iv) and E39(v) were significantly lower than those of B5(I), E81(I), E128(II), and E103(vi) ( Table 2 ). These data suggest that antigenic sites I, II, and vi are effective neutralizing epitopes and that, with the exception of antigenic site II, all epitopes are conserved among the different MV genotypes.
Antigenic site I is located near the RBS, while antigenic site vi is located at a position distant from the RBS. To identify the locations of antigenic sites on the H protein, EGFP-expressing 
MAbs used for neutralizing assays in the present study. b ϩϩ, complete inhibition; ϩ, partial inhibition; Ϫ, no inhibition. MVs (IC323-EGFP) (30) that escaped from neutralization were isolated, and the amino acid changes in the H protein were identified by sequence analysis. Of the two escape mutants obtained, one escaped from neutralization by E81(I) through a Q391R mutation, and the other escaped E103(vi) through a Q311R mutation. These mutations were rebuilt in the luciferase gene-encoding recombinant IC323-Luci genome (24) by site-directed mutagenesis and reverse genetics (see Table S1 in the supplemental material). The resulting IC323-Luci-H(Q391R) was largely resistant to B5(I) but neutralized by E103(vi) with similar efficiency to that found for the parental virus ( Table 3 ). The IC323-Luci-H(Q311R) recombinant was neutralized efficiently by B5(I) and E81(I) but escaped from neutralization by E103(vi) ( Table 3 ). The amino acid residues at positions 391 and 311 are located within previously recognized epitopes on the H protein (10, 18, 19) , which apparently correspond to antigenic sites I and vi (Fig. 1B and Table  4 ). The amino acid changes observed in the escape mutants indicate that antigenic site I is located near the SLAM-binding site, while antigenic site vi is located at a more distal position, although both act as effective neutralizing epitopes ( Fig. 1B and Table 2 ). Mutagenesis of the H protein confirmed that the nectin4-binding site is distinct from the SLAM-binding site but probably shows a partial overlap (32, 40) . This is consistent with the neutralization of MV by B5(I) and E81(I) on II-18 cells ( Table 2 ). Epitope vi recognized by E103 corresponds to the previously predicted epitope recognized by BH38 and I-29 (Table 4 ) (10, 41, 42) . Importantly, H mutants with Q391R or Q311R replicated somewhat less efficiently than the parental virus in cultured cells (Fig. 2 ), suggesting conformational effects of these changes on the H protein structure. Antigenic site II is located near the bottom surface of the H protein head domain and is shielded by N-glycans attached to residue 416 in recent outbreak strains of MV. As described above, E128(II) neutralized several MV genotypes but failed to neutralize genotype D3, D4, D5, and D9 viruses ( Table 2 ). Comparison of the H protein sequences of various MV genotypes indicated that the H proteins of MV genotypes D3, D4, D5, and D9, but not of genotypes A, B2, D8, and H1, harbor an additional potential site for N-linked glycosylation at residue 416 (see Fig. S1 in the supplemental material) (17, 43, 44) . The electrophoretic mobility of the H proteins of genotype D3, D4, D5, and D9 was markedly reduced compared with that of the H proteins of genotypes A, B3, D8, and H1 (Fig. 3A ), suggesting that an additional N-glycan moiety may be present on the H proteins of the former genotypes. Follow-up analyses with recombinant MV variants featuring a chimeric H gene combining fragments of the IC323 (genotype D3) and Edmonston (genotype A) strains (see Table  S1 ) (31) showed that the amino acid difference at position 416 served as a determinant for the differential response to neutralization by E128(II) (Fig. 2B and C and Table 5 ). The addition of an N-glycan was confirmed by endoglycosidase H (Endo-H) treatment ( Fig. 3D ) as reported previously (17) . In addition, the H protein of the Edmonston strain entirely lost its reactivity with E128(II) when carrying amino acid substitutions at positions 473 to 477 ( Fig. 3E) (34) . The epitope II likely constitutes a portion of RBS, since the amino acid region at positions 473 to 477 is involved in interaction with CD46, a receptor for MV vaccine strains (10, 45) . Taken together, these data underscore that the N-glycan at position 416 masked epitope II, one of the major antigenic sites, which is located in the vicinity of a CD46-binding site (Fig. 1C ). However, it was previously reported that serum samples derived from vaccine recipients neutralized all MV strains efficiently, regardless of the glycosylation status at residue 416 (17) . Thus, this glycosylation site does not amount to a serious concern with regard to current MV vaccines. However, the additional carbohydrate moiety may provide some advantage for the endemic spread of MV, since the MV strains associated with recent large outbreaks in Europe and Southeast Asia (D4 and D9, respectively) possess this glycosylation site (see Fig. S1 and S2 in the supplemental material) (46) . On the other hand, the genotype H1 and D8 strains, which are currently endemic in China and India, respectively, do not have this extra glycosylation site (see Fig. S1 and S2). Antigenic sites iv and v, located at the lateral surface of the H protein head dimer, are less important for neutralization. In contrast to genotype D3, MV strains of genotype A were neutralized by E185(iv) and E39(v) in SLAM ϩ B95a cells and nectin4 ϩ II-18 cells, respectively ( Table 2) . We further tested two recombinant MVs possessing chimeric H genes derived from genotypes A and D3 or featuring point mutations [MV323-EGFP-H-␤12(N481Y) and MV323-EGFP-H8] (31) for neutralization by E185(iv) and E39(v) ( Fig. 4 and Table 5 ; see also Table S1 in the supplemental material). The neutralization data demonstrated that amino acids within residues 174 to 334 determined the difference in neutralization by E185(iv) and E39(v) between MVs with genotypes A and D3. Amino acid substitutions present in this region and predicted to be exposed on the H protein surface (19) were individually introduced into a genotype A virus, resulting in the generation of six additional MVs (Table 6 ; see also Table S1 in the supplemental material). These recombinant MVs were subjected to neutralization analyses. H protein mutations E235G and G302R rendered the recombinant MVs resistant to neutralization by E185(iv) and E39(v), respectively ( Table 6 ). These data suggested that residues 235 and 302 are part of epitopes iv and v, respectively. Epitope iv is therefore likely to correspond to the previously reported epitope recognized by BH1 (amino acids 233 to 240 are critical for BH1 binding) ( Fig. 5 and Table 4 ) (47) . Both residues are located at the lateral surface of the H protein head dimer, distal from the RBS (Fig. 1B) . Furthermore, these epitopes are quite close to the N-linked sugars, which may exert some steric hindrance to reduce the binding activities of the Abs (Fig. 1B) . These observations are consistent with the weak neutralizing phenotypes of E185(iv) and E39(v) ( Table 2) .
Neutralizing Abs that recognize antigenic sites I and II inhibit receptor binding, while neutralizing Abs specific for antigenic site vi interfere with the H-F protein interaction. To mechanistically explore the basis for neutralization by the different MAbs, the effects of the MAbs on the interaction between the H protein (genotype A) and SLAM were analyzed by binding assays using surface plasmon resonance (Biacore assays). MAbs B5(I), E81(I), and E128(II) blocked the binding of the H protein to SLAM, whereas E103(vi) did not (Table 7) , although all of the MAbs had high neutralization activities ( Table 2 ). These data are consistent with the observations that epitopes I and II are located near the RBS (10, 45) , while epitope vi has a more distal position (Fig. 1B) . It remains uncertain how epitope vi can be a major neutralizing target site. It can be speculated that the epitope may be involved in one or some of the fusion steps other than the receptor binding. To examine whether the H-F protein interaction affects MAb binding, coimmunoprecipitation of MV envelope glycoprotein complexes was performed (36) . Compared with a reference Ab cocktail, the amount of F protein coimmunoprecipitated with H protein was reduced by ϳ50% when E103(vi) was used (Fig. 6) . These data suggested that epitope vi is influenced by the H-F protein interaction. Interestingly, the higher order (tetrameric) structures of the H protein-SLAM complex proposed on the basis of the crystal structures suggest that epitope vi in two of the four H molecules (gray and light purple H molecules) is located at the bottom surface proximal to the stalk region, while that in the other two molecules (light gray and purple H molecules) forms part of the interface of the H protein dimers in form I, one of the tetrameric structures ( Fig. 7A) (18) , but not form II, the other tetrameric structure (Fig. 7B) (18) . Furthermore, epitope vi appears to contact epitope iv at the interface (Fig. 7A ). Epitope iv corresponds to the BH1-binding epitope ( Table 4 ) (47), and most likely forms a single epitope together with a previously reported linear neutralizing epitope (NE) (amino acid positions 244 to 250) ( Table 4 ) (47), although a definitive conclusion could not be made, because eight amino acids (positions 240 to 247) were so flexible that little electron density was observed in the H crystal structures ( Fig. 5) (18) .
DISCUSSION
In the present study, we focused on neutralizing Abs directed against the H protein, because the protective immunity is predominantly humoral (48) and H protein-specific Abs mainly account for the neutralization activity in serum from vaccinated 
a These recombinant MVs were reported previously (31) .
individuals (9) (10) (11) . A key finding in the present study is that the antigenic site vi, which is unrelated to receptor binding but probably involved in the formation of a higher-order H-F protein oligomeric structure (34, 36, 49) , is a major neutralizing epitope that is conserved among different genotype strains. This type of epitopes has been predicted by previous studies, although receptor binding has been tested for CD46, but not the wild-type receptors, SLAM, or nectin4 (10, 47, 50) . One of them, known as NE, is recognized by BH47, BH59, and BH129 MAbs (Table 4 ) (10, 47) . The other is recognized by I-29 (10, 50) and was determined as the epitope vi in the present study (Table 4 ). Therefore, our data are consistent with the previous studies that MAbs that recognize the epitope vi neutralize MV infection by inhibiting virus fusion without affecting the receptor binding (10, 50) . Membrane fusion of MV is mediated by concerted actions of the H and F proteins.
Binding of the H protein to a receptor triggers F protein-mediated membrane fusion. Although the triggering mechanism remains largely unknown, accumulated data indicate that rearrangement of an H-F protein oligomeric structure is a key for triggering fusion (18, 34, 36, 49) . This epitope is fully conserved among different MV genotypes. A requirement for the formation of a functional fusion complex is likely to generate structural constraints that prevent substitutions in this epitope. We also found that a large area containing epitopes I and II serves as a target for the humoral anti-MV response. Our data showed that MAbs B5 and E81 bind to an epitope (epitope I) corresponding to a previously reported hemagglutination and neutralization epitope (HNE) (amino acid positions 380 to 400), which is recognized by MAbs BH6, BH21, and BH216 (Table 4 and Fig. 8 ) (10, 41, 51) . Six residues (positions 386, 387, 388, 391, 394, and 395) were shown to be critical for Ab binding (52) . Accordingly, a Q391R substitution was sufficient for MV escape from neutralization by B5 and E81. On the other hand, epitope II maps to residues 473 to 477, which are located at the bottom surface of the H protein head domain and involved in interaction with CD46 (10, 45) . In some of the current wild-type MV strains, this epitope is masked by an additional carbohydrate moiety (Asn416). Previous studies revealed that MV escape from MAb 16-CD-11 can be achieved through an amino acid substitution at position 491 in the H protein (41) and that escape mutants from MAbs BH171 and BH168 possess substitutions at positions 377 and 378, respectively (Table 4 ) (10, 53) . The residues at positions 491, 377, and 378 in the H protein are located between the HNE (epitope I) and epitope II ( Table 4 and Fig. 8 ). It was further shown that H protein binding of MAbs BH30 and BH99 competes with 16-CD-11 (10, 41) . Taken together, these data support that a large area of the H protein head domain spanning from epitope I to epitope II can serve as a target for neutralizing Abs (Fig. 8 ). Our data suggest that the region around epitope I has structural con- . Precipitated H Flag material was labeled with an anti-Flag M2 antibody, and the coprecipitated F HA was detected with an anti-HA 16b12 antibody. (B) For densitometric quantification, the ratio of F HA to H Flag signals was determined for each MAb, followed by normalization to the coimmunoprecipitation ratio obtained with the CV1/CV4 reference MAb mixture. Data represent the means Ϯ standard errors of the means (SEM) of results from three experiments. The asterisk indicates that, in F densitometry, a t test returned P values of Ͻ0.05 for the difference in coimmunoprecipitation (CoIP) efficiency, with E103 relative to the CV1ϩCV4 reference. straints for change, since it is conserved among different genotype strains, thereby contributing to the single serotype nature of MV. In summary, the H protein of MV possesses at least two conserved effective neutralizing epitopes. One, which is a previously recognized HNE epitope, is located near the RBS, and thus MAbs that recognize this epitope blocked the receptor binding of the H protein. On the other hand, the other epitope is located at the position distant from the RBS. Thus, MAbs that recognizes this epitope did not inhibit the receptor binding of the H protein but rather interfered with the H-F interaction. Based on the structural data of MV H protein, it was predicted that, when the H protein forms a tetramer, this epitope locates at two positions: the contact face of two H protein dimers and the bottom face of the head of the H protein tetramer. This epitope possibly plays a key role in the formation of a higher-order H-F protein oligomeric structure. Our data also demonstrated that one effective neutralizing epitope is not conserved, since the epitope has been masked by an N-linked sugar modification in some genotype MV strains. The data in the SLAM is shown in translucent cyan. The amino acid residues demonstrated or suggested to constitute a portion of an epitope are shown in colors: residues on ␤-sheets 1, 2, 3, 4, 5, and 6 (18) are shown in blue, green, light green, yellow, orange, and red, respectively. (A) A tetrameric structure in form I (18) . (B) A tetrameric structure in form II (18) .
present study contribute to our understanding of the antigenicity of MV and support the global elimination program of measles.
